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SUMMARY
Mitochondrial DNA encodes 13 subunits of the oxidative phosphorylation (OXPHOS) system, which are syn-
thesized inside the organelle and essential for cellular energy supply. How mitochondrial gene expression is
regulated and integrated into cellular physiology is little understood. Here, we perform a high-throughput
screen combining fluorescent labeling of mitochondrial translation products with small interfering RNA
(siRNA)-mediated knockdown to identify cellular kinases regulating translation. As proof of principle, the
screen identifies known kinases that affect mitochondrial translation, and it also reveals several kinases
not yet linked to this process. Among the latter, we focus on the primarily cytosolic kinase, fructosamine 3
kinase (FN3K), which localizes partially to the mitochondria to support translation. FN3K interacts with the
mitochondrial ribosome and modulates its assembly, thereby affecting translation. Overall, our work pro-
vides a reliable approach to identify protein functions for mitochondrial gene expression in a high-throughput
manner.
INTRODUCTION

Mitochondria have retained their own genome during evolution.

The human mitochondrial DNA (mtDNA) represents a small cir-

cular molecule that contains 37 genes. This genome encodes

13 subunits of the oxidative phosphorylation system

(OXPHOS), required for the production of the bulk of cellular en-

ergy in the form of ATP, 22 tRNAs, and 2 rRNAs, required for the

translation of the mtDNA-encoded OXPHOS polypeptides.1–5

However, the vast majority of the subunits of the OXPHOS com-

plexes are of nuclear genetic origin and must be transported into

the mitochondria, where they assemble in the inner mitochon-

drial membrane together with mtDNA-encoded polypeptides in

a precise, stoichiometric manner. This process is assisted by

different assembly factors that act in stabilizing intermediate

states of the assembly process or in cofactor insertion.6–13 Inter-

estingly, mitochondrial translation not onlymaintains the balance

between the synthesis of mtDNA-encoded proteins and the
Cell Reports 44, 115143, Janu
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availability of imported subunits, but it is also integrated in the

cellular context. Indeed, mitochondrial protein synthesis can

be modulated by different cellular stimuli.14 For example, cellular

stress response pathways such as the integrated stress

response or the mitochondrial unfolded protein response have

been shown to decrease mitochondrial protein synthesis.15–17

However, a broad picture of the cellular mechanisms that influ-

ence and regulate mitochondrial translation is still missing.

Reversible phosphorylation is one of the most important

mechanisms regulating protein interaction and activity in cellular

processes such as metabolism, cell signaling, or cell cycle

progression.18–24 Interestingly, many different proteins inside

mitochondria have been found to be phosphorylated in different

model organisms or cell types.25–31 Similar to cytosolic pro-

cesses, these modifications have been reported to be involved

in the regulation of critical mitochondrial processes, such as pro-

tein translocation,32,33 fission and fusion,34–36 mitophagy,37–39

OXPHOS biogenesis, or mitochondrial gene expression.40–44
ary 28, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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However, using MitoCarta as a reference, it was found that

although 91% of mitochondrial proteins have at least one exper-

imentally determined phosphorylation site, only 4.5% of known

mitochondrial phosphosites have a functional annotation.45

Therefore, despite the increasing evidence suggesting reversible

phosphorylation as a key mechanism for the regulation of

mitochondrial functions46–48 and that kinases localize perma-

nently or transiently to mitochondria,49–53 the mechanistic inter-

play between reversible phosphorylation and mitochondrial

gene expression is still missing.

Here, we present a microscopic high-throughput screening

strategy based on the labeling of mitochondrial translation prod-

ucts using a clickable non-canonical amino acid that could be

modified with fluorophores for visualization. To identify kinases

that affect mitochondrial gene expression, we combined this

translation product labeling strategy with a small interfering

RNA (siRNA) library targeting 709 cellular protein kinases. To

this end, we defined candidate kinases that down- or upregu-

lated mitochondrial gene expression and identified not only

known kinases that modulate mitochondrial translation but also

unknown regulatory factors. Among these candidates, we iden-

tified fructosamine 3 kinase (FN3K), a kinase suggested to

participate in glycan removal from cytosolic proteins. Our ana-

lyses show that a fraction of FN3K localizes to mitochondria

and interacts with the mitochondrial ribosome. In mitochondria,

FN3K affects the assembly of the ribosome and ultimately

mitochondrial protein synthesis. Accordingly, a fluorescent

non-canonical amino acid tagging strategy streamlined for mito-

chondrial translation products can be utilized to identify factors

involved in mitochondrial gene expression.

RESULTS

Optical screening strategy to identify kinases affecting
mitochondrial translation
We previously utilized L-homopropargylglycine (HPG), a non-ca-

nonical amino acid, for specific incorporation into mtDNA-en-

coded polypeptides under conditions of blocked cytosolic

translation using the antibiotic harringtonine. Subsequently, we

applied a copper-catalyzed cycloaddition reaction (click) to

azide-containing fluorescent dyes to visualize the newly synthe-

sized mitochondrial polypeptide chains. This strategy allowed

to monitor mitochondrial translation in the context of individual

cells and to obtain quantitative information about the mitochon-

drial protein synthesis process.54,55 We reasoned that this

approach could in principle be adapted to enable genome-wide

microscopic screens to identify genes that affect mitochondrial

gene expression in cells. Therefore, we established a micro-

scopic screening approach. HeLa cells were transfected with

the Silencer Human Kinase siRNA Library (Ambion) in 96-well

plates. 72 h post transfection, newly synthesized mtDNA-en-

coded proteins were specifically labeled using HPG and subse-

quently coupled to the Alexa Fluor 647 azide fluorophore. Plates

were imaged with an automated fluorescence microscope (Fig-

ure 1A). Intensity of mitochondrial translation measured by incor-

poration of HPG was assessed by quantification of the fluores-

cent signal. We observed only a small variation between cells

present in different wells when we quantified HPG incorporation
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inHeLacells (FigureS1A). Toaddress specificity andbackground

in theplate format,weassessedHPG incorporation formitochon-

drial protein synthesis by treating cells with chloramphenicol, an

inhibitor for mitochondrial translation. As expected, the signal

was localized exclusively to mitochondria and was sensitive

to chloramphenicol treatment (Figures 1B and 1C). Previous

studiesworking on the quality control ofmitochondrial translation

showed thatmitochondrial protein synthesis is affectedbydeple-

tion of the inner membrane potential.56 Therefore, in addition to

chloramphenicol treatment,weanalyzedHPG incorporation after

incubation with the protonophore carbonyl cyanide-m-chloro-

phenylhydrazone (CCCP), to further validate the ability of our

approach to address changes in mitochondrial translation upon

cellular distress. As expected, HPG incorporation responded in

a dose-dependent manner to CCCP titration (Figures S1B and

S1C). Todetermine if our screeningapproachwas suitable for de-

tecting changes in HPG incorporation after 72 h downregulation

of mitochondrial translation-related genes, we used an siRNA

to downregulate DHX30 (DExH-box helicase 30), a mitochondrial

ATP-dependent RNA helicase, required for proper levels of mito-

chondrial translation.57,58 In agreementwith the reported function

of DHX30, we found a significant decrease in HPG incorporation

upon silencing (Figures 1D and 1E). This reduction in mitochon-

drial translation was similar to that observed by [35S]-methionine

labeling of mitochondrial translation products in DHX30 knock-

down cells (Figure S1D).

After validating the specificity and suitability of the approach,

we proceeded with screening the human kinase siRNA library.

We analyzed the changes in HPG incorporation after 72 h knock-

down with 2,127 different siRNAs targeting all 709 known human

kinase genes (using three siRNAs per gene). Cells were assayed

for HPG incorporation and mitochondria stained for TOM20, and

we plotted HPG incorporation versus TOM20 level for each

siRNA (Figure 1F). Remarkably, mitochondrial translation did

not correlate significantly with TOM20 staining (Pearson’s corre-

lation coefficient [PCC] = 0.39). Accordingly, increased or

decreased HPG signals observed in cells were not due to alter-

ations in mitochondrial amounts. Interestingly, the alteration

caused by 25% of siRNAs (540 siRNAs that represent 273 ki-

nases) modulated the HPG incorporation by more than 25%

when compared to control cells. Indeed, 13% of the used

siRNAs increased overall mitochondrial translation whereas

12% decreased general protein synthesis in the organelle. One

putative kinase identified in the screen to decrease HPG incor-

poration upon knockdown was aurora kinase A interacting pro-

tein 1 (AURKAIP1) (Figure 1G). We confirmed that both mRNA

and protein levels were reduced after siRNA-mediated knock-

down, whereas the mRNA levels of other mitochondrial ribo-

some subunits were not affected (Figures 1H and 1I). In agree-

ment with this observation, AURKAIP1, also known as mS38,

was previously identified as a component of the mitochondrial

ribosome (see below).59

In summary, selective HPG incorporation enables micro-

scopic screening of mitochondrial translation phenotypes in

the context of systematic siRNA-mediated knockdowns. The

use of an siRNA library targeting cellular kinases provides a

comprehensive view of potential regulatory networks to modu-

late mitochondrial translation.



Figure 1. A screen to identify kinases linked to mitochondrial translation

(A) Schematic presentation of the screening approach.

(B) Mitochondrial translation in control and chloramphenicol (CAP)-treated cells. HPG incorporation shown in the fire lookup presentation. Hoechst, nuclei;

TOM20, mitochondria. Bar, 40 mm.

(C) Quantitative analysis of HPG incorporation in CAP-treated and control cells. For each replicate, approx. 2,000 cells were analyzed in 20 images (SEM.

Student’s t test, p < 0.00001).

(D) As in (B), cells transfected with siDHX30 or non-targeting siRNA (siNT). Bar, 40 mm.

(E) As in (C), using cells transfected with siNT and siDHX30. For each replicate, approx. 2,000 cells were analyzed in 20 images (SEM. Student’s t test,

p < 0.00001).

(F) HPG incorporation plotted against TOM20 for all siRNAs transfected and labeled as in (A).

(G) siNT and siAURKAIP1-transfected cells subjected to HPG labeling as in (B). Bar, 100 mm.

(H) qPCR analysis of mRNA levels as indicated after siRNA-mediated knockdown. Samples were normalized to RPL28 (SEM, n = 3).

(I) Western blotting analysis of the cells transfected with either siAURKAIP1 or siNT. See also Figure S1.
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Cellular kinases affect mitochondrial function and ATP
levels
In order to further assess candidate kinases,we focused ongenes

for which more than two of the tested siRNAs changedmitochon-

drial protein synthesis at least 20% (either increase or decrease) in

the first screen. A total of 225 siRNAs were selected and tested

again for their effect on overall mitochondrial translation in three

biological replicates (Figure 2A; Table S1). Nearly 50% of the

tested siRNAs displayed a significant change in HPG incorpora-

tion compared to the non-targeting control (p value < 0.05)

(Table S1). Interestingly, TOM20 level remained unchanged under

most knockdown conditions (Figure 2A) and showed little correla-

tionwithHPG incorporation signal (PCC= 0.29, Figure S2A), again

suggesting that the observed changes inmitochondrial translation
were not due to mitochondrial mass differences. However, in

some cases, an extremely low TOM20 level was associated with

a drastic decrease in HPG incorporation. For example, polo-like

kinase 1 (PLK1) knockdown decreased both HPG and TOM20

signals indicative of a broad loss in mitochondrial functionality

(Figure 2A). PLK1 and other kinases that displayed a similar

decrease in both TOM20 and HPG were excluded from further

analysis. To this end, we focused on candidates that displayed

significant effects onmitochondrial translation. By applying this fil-

ter, 84 siRNAs targeting 63 cellular kinases (46 showing

decreased and 17 showing increased HPG incorporation) were

selected for further investigation.

To dissect the roles of the potential modulators of mitochon-

drial protein synthesis, we first addressed the localization of
Cell Reports 44, 115143, January 28, 2025 3



Figure 2. Cellular kinases affect mitochondrial function and ATP levels
(A) HPG incorporation and TOM20 signal after knockdown with 225 selected siRNAs (dashed line p = 0.05, Student’s t test). Candidates of interest are presented

as labeled points.

(B) Subcellular localization of kinases affecting mitochondrial translation (see Table S2).

(C) Cellular ATP levels after kinase downregulation, presenting all candidates—those with increasing or decreasing mitochondrial translation (SEM, n = 3, dashed

line p = 0.05, Student’s t test). Candidates of interest are presented as labeled points.

(D) Basal oxygen consumption rate (OCR) after kinase downregulation presented as in (C) (SEM, n = 3, dashed line p = 0.05, Student’s t test). Candidates of

interest are presented as labeled points. See also Figure S2.
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these proteins in the cell. Subcellular localization information

was obtained from available data from UniProt, the Human Pro-

tein Atlas,60 MitoCarta 3.0,61 and the Kinome Atlas.62 While most

kinases were assigned to cytosolic, nuclear, and plasma mem-

brane localizations, interestingly, nine of the identified kinase

candidates were assigned to mitochondria or had been

described to be associated with mitochondria, in at least one

database (Figure 2B; Table S2). Indeed, some of them were

metabolic enzymes with well-described functions such as hexo-

kinase 1, glucokinase, and mitochondrial creatine kinase 2.

Another candidate found to be associated to the outermitochon-

drial membrane was FKBP12-rapamycin complex-associated

protein 1 (FRAP1 or mTOR). This factor regulates the expression

of various nuclear-encoded mitochondrial proteins, mitochon-
4 Cell Reports 44, 115143, January 28, 2025
drial function, and ATP production.63,64 Interestingly, downregu-

lation of any of these factors resulted in a decreased mitochon-

drial translation.

Mitochondrial translation products are core components of

the OXPHOS system and central to the production of mitochon-

drial ATP. To study functional OXPHOS deficiencies derived

from reduced translation of mtDNA-encoded products, we

measured levels of cellular ATP and the oxygen consumption

rate (OCR) after downregulation of selected kinases. Cellular

ATP levels were significantly decreased upon knockdown of

approximately 30% of the candidates (Figure 2C) and showed

a moderate correlation between ATP content and mitochondrial

translation (Figure S2B). We did not observe increased cellular

ATP levels in knockdowns with an increased mitochondrial
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protein synthesis. A large number of candidates (approximately

60%) displayed significantly decreased OCR, whereas only

two of them showed slightly increased oxygen consumption.

Accordingly, we observed a moderate to high correlation

between mitochondrial translation and OCR, higher than the

one observed with cellular ATP levels (Figures 2D and S2C). To

summarize, we selected 84 candidate siRNAs targeting 63

cellular kinases and analyzed their effects on mitochondrial

translation. Interestingly, we could observe changes in

OXPHOS function upon candidate downregulation, where

cellular ATP levels and OCR correlated to a certain extent with

the mitochondrial protein synthesis rate observed after silencing

of cellular kinases.

Cellular kinases affect energetic balance and protein
synthesis
In order to further characterize some of the identified candidates

and gain insights into the mechanisms driving the effect on mito-

chondrial translation, we selected eight kinases from the group

of 63 candidates that displayed a significant effect on mitochon-

drial protein synthesis upon knockdown in the screen and that

likely exerted their effect modulating mitochondria directly and

not by an indirect metabolic effect: the AarF domain-containing

kinase 2 (ADCK2), dual specificity tyrosine phosphorylation reg-

ulated kinase 4 (DYRK4), uridine-cytidine kinase 2 (UCK2),

TANK-binding kinase 1 (TBK1), AURKAIP1, FN3K, MOK protein

kinase (MOK), and mitogen-activated protein kinase 11

(MAPK11, also known as p38). With the exception of MAPK11,

downregulation of any of the other seven candidate kinases re-

sulted in decreased HPG incorporation when retested (Fig-

ure S3A). To define the knockdown efficiency of the tested

siRNAs, we analyzed the protein levels of the target kinases after

siRNA treatment and observed a clear reduction after siRNA-

mediated downregulation (Figures 1I and S3B). Next, we inves-

tigated the energetic impact of the mitochondrial protein synthe-

sis alterations upon knockdown of selected candidates and

analyzed the ATP levels and OCR individually (Figure S3C). Inter-

estingly, the extent to which ATP levels and OCR were altered in

the knockdowns varied significantly. In some cases (ADCK2 and

DYRK4), ATP levels and OCR were similar to the non-targeting

control. In other cases (UCK2, TBK1, AURKAIP1, and FN3K),

ATP levels and/or OCR were reduced compared to the controls.

Interestingly, downregulation of MAPK11, which resulted in an

increased mitochondrial translation, also produced a slight in-

crease in ATP levels and OCR (Figures 3A and S3C).

Mitochondrial dysfunction may result in the inability to

produce enough ATP by OXPHOS and has been described to in-

crease glycolytic ATP production, resulting in lactic acidosis in

either mitochondrial disease patients or models for neurodegen-

erative disorders.65,66 Therefore, to address how the changes in

cellular ATP levels, observed upon kinase downregulation,

reflect changes in glycolysis or OXPHOS, we performed a

time-resolved ATP synthesis assay that can independently

quantify glycolytic and OXPHOS production rates. Consistent

with measured cellular ATP levels and OCR, downregulation of

ADCK2 had no effect on ATP synthesis rates (Figures 3A

and 3B). Interestingly, glycolytic ATP production compensated

a decreased OXPHOS-dependent ATP generation when
DYRK4 was downregulated. In addition, both glycolytic and

mitochondrial ATP productions were decreased in UCK2 and

TBK1 siRNA-treated cells. Interestingly, downregulation of

AURKAIP1 or FNK3K displayed a specific OXPHOS ATP pro-

duction defect with no alteration of the glycolytic one. Surpris-

ingly, we could not reproduce the significant reduction observed

in cellular ATP levels andOCR inMOK siRNA-treated cells, when

measuring ATP synthesis rate. In the same way, glycolytic and

OXPHOS ATP production were slightly reduced in MAPK11

downregulated cells, whereas cellular ATP levels and OCR

were similar to the non-targeting control (Figure 3B). In summary,

our data showed that the impact ofmitochondrial protein synthe-

sis on energy metabolism was dependent on the depleted ki-

nase. In general, diminished oxygen consumption (OCR) and to-

tal ATP levels were associated with reduced OXPHOS and ATP

production or both mitochondrial and glycolytic effects. Interest-

ingly, DYRK4 downregulation was an exception, since a signifi-

cant increase of glycolytic ATP could compensate for the

OXPHOS/ATP deficit.

By screening knockdown cells by HPG labeling, we were able

to identify differences in bulk mitochondrial translation. Yet, this

approach does not provide information about the synthesis of in-

dividual mitochondrial-encoded polypeptide chains. To close

this gap in our analysis, we labeled mitochondrial translation

products with [35S]-methionine after knockdown of the selected

kinases. Consistent with our previous results, [35S]-methionine

labeling after downregulation resulted in a general decreased

signal compared to non-targeting control in all cases, with the

exception of MAPK11, where we could observe an increased

mitochondrial protein synthesis after knockdown (Figures 3C

and 3D). In addition, when we quantified the radioactive signal

corresponding to each individual mtDNA-encoded protein, we

found that the observed changes were rather general and not

due to effects on a single, specific polypeptide. However, in

some cases, specific mtDNA-encoded proteins were more

affected than others (Figures 3C and 3E). For example, ND2,

COX1, and CYTB were most prominently affected after TBK1

knockdown. Downregulation of DYRK4, UCK2, FN3K, and

MOK mostly affected the synthesis of ND3 and ND6. In

AURKAIP1 downregulated cells, we could observe a general

decrease in the synthesis of mtDNA-encoded polypeptides.

ATP6 and ATP8 were the least affected ones. Interestingly,

AURKAIP1 represents themitoribosome-specific mtSSU protein

mS38 and does not represent an active kinase.67,68 Functional

studies in yeast showed that mS38 might affect the transit of

specific mRNAs and participate in the selection of mRNAs that

will be translated. Indeed, the absence of yeast mS38 caused

a global mitochondrial protein synthesis attenuation and pre-

vented efficient initiation of COX1, COX2, and COX3 mRNA

translation.69 Similarly, our analyses on AURKAIP1 downregula-

tion in HeLa cells revealed a general decrease of mitochondrial

translation. Interestingly, while the C-terminal domain of mS38

is conserved in the human homolog, the N-terminal part appears

different, evidencing potential functional differences within the

mitochondrial ribosome.59 Knockdown of MAPK11 generally

increased the synthesis of mitochondrial-encoded polypeptides

with the exception of ND3 and ND6 that show lower synthesis

levels compared to the control (Figure 3E).
Cell Reports 44, 115143, January 28, 2025 5



Figure 3. Cellular kinases affect energetics and protein synthesis

(A) Cellular ATP and OCR values for selected siRNAs (obtained from data in Figures 2C and 2D).

(B) Glycolysis and mitochondrial ATP rates after knockdown with selected siRNAs.

(C) [35S]-methionine radiolabeling of mitochondrial translation after knockdown of selected kinases. Western blotting of b-tubulin as loading control.

(D and E) Quantification of intensity of averaged polypeptides (D) or individual ones (E) from (C) (SEM, n = 3).

Significance (B, D, and E) (Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *****p < 0.00001. See also Figure S3.
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Accordingly, by silencing the expression of eight selected

candidate kinases that affected mitochondrial gene expression,

we revealed metabolic alterations in the affected cells. Changes
6 Cell Reports 44, 115143, January 28, 2025
of mitochondrial translation observed in our screen were

confirmed by assessing the individual selected candidates with

[35S]-methionine labeling. Ablation of different kinases led to



Figure 4. Kinase depletion affects mtDNA and mRNA levels

(A) mtDNA copy-number measurement after siRNA treatment (genomic primers for RNR2, ATP6, and ND2) (SEM, n = 4).

(B) Quantification of mitochondrial mRNA levels (real-time qPCR) after siRNA treatment (SEM, n R 3).

Significance (A and B) (Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *****p < 0.00001, ******p < 0.000001).
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distinct synthesis rate patterns for different mitochondrial poly-

peptides, and in most cases, more than one protein was

affected.

mtDNA and mRNA levels upon kinase downregulation
In addition to the synthesis of mtDNA-encoded proteins, replica-

tion and transcription of mtDNA are central to the mitochondrial

gene expression process. Reversible protein phosphorylation

has been reported to be linked to various steps of mitochondrial

gene expression. For example, DNA binding of mitochondrial

transcription factor A (TFAM) is decreased by phosphorylation,

and consequently, mitochondrial transcription is increased.40,41

Phosphorylation of TFAM seems to be critical for mitochondrial

localization in spermatozoids, reducing mtDNA levels and there-
fore explaining maternal inheritance of mtDNA.70 In addition,

mitochondrial transcription termination factor is only active

when phosphorylated.42 To address if downregulation of candi-

date kinases affected mtDNA or mitochondrial RNAs (mtRNAs)

and consequently impact mitochondrial translation, we ad-

dressed the levels of mtDNA after siRNA treatment of selected

candidates. We used three different probes directed against

different genes on mtDNA (MT-RNR2, MT-ATP6, and MT-

ND2). These analyses showed significantly decreased levels

of mtDNA upon downregulation of DYRK4, TBK1, and

AURKAIP1, whereas no differences were observed in ADCK2,

FN3K, andMOK knockdown (Figure 4A). In addition, significantly

increased levels of mtDNA were found after downregulation of

UCK2, and a modest increase was also observed in MAPK11
Cell Reports 44, 115143, January 28, 2025 7
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downregulated cells, although it did not reach statistical signifi-

cance (Figure 4A). Moreover, we analyzed the levels of mito-

chondrial transcripts after candidate silencing. Interestingly,

the levels of mitochondrial mRNAs barely changed compared

to the wild-type levels when ADCK2, DYRK4, UCK2, MOK, or

FN3K were downregulated or were slightly increased in case of

TBK1 knockdown. Mitochondrial transcripts were generally

reduced in AURKAIP1 siRNA-treated cells (Figure 4B). Surpris-

ingly, downregulation of MAPK11, where we had observed

increased levels of mtDNA and increased mitochondrial protein

synthesis, resulted in a general and significant reduction of

mitochondrial mRNAs (Figure 4B). Accordingly, downregulation

of kinases identified by altered mitochondrial protein synthesis

could be linked to mtDNA abundance and transcription pro-

cesses in some cases, whereas others need further investigation

to dissect the mechanisms leading to decreased mitochondrial

translation.

FN3K localizes to the mitochondrial matrix
For an in-depth analysis, we focused on the kinase FN3K. Down-

regulation of FN3K reduced the levels of several mtDNA-en-

coded polypeptides with no alteration of mtDNA or mtRNA levels

(Figures 4A and 4B). FN3K has been suggested to phosphorylate

fructose-ε-lysine residues in glycated proteins, destabilizing the

sugar adduct and leading to the removal of glycan residue from

proteins.71–73 Interestingly, FN3K has been suggested to be pre-

sent in mitochondria by immunofluorescence.60,74 To define the

localization of FN3K, we generated a C-terminally FLAG-tagged

version and performed immunofluorescent microscopy experi-

ments. We observed a colocalization of the FN3KFLAG with

TOM20. Approximately 30% of FLAG signal per cell colocalized

withmitochondria in our analysis (Figures 5A and 5B). In addition,

we applied stimulated emission depletion (STED) super-resolu-

tion microscopy to define the location of FN3K within mitochon-

dria. We detected distinct staining patterns for FN3KFLAG and

TOM20 that resulted in different signal plot patterns when tracing

straight lines in different areas of the sample. These data indicate

that FN3K does not localize to the outer mitochondrial mem-

brane (Figures 5C and 5D). In agreement, biochemical fraction-

ation experiments showed a similar distribution of FN3K be-

tween the cytosolic and organellar fraction (Figures 5E and 5F).

FN3KFLAG showed a similar subcellular distribution as endoge-

nous FN3K (Figure S4A). Finally, protease protection experi-

ments showed that FN3KFLAG is protected from protease treat-

ment in purified mitochondria and mitoplasts (Figure 5G).

Therefore, we concluded that a fraction of FN3K localizes to

mitochondria and is present in the matrix where mitochondrial

translation takes place.

Molecular determinants of FN3K mitochondrial
translation regulation
The siRNA-mediated FN3K knockdown decreased the cellular

growth of HeLa cells (Figure S4B). To gain further insights into

the relevance of FN3K for mitochondrial and cellular function,

we also analyzed the consequences of FN3K depletion in pri-

mary neurons, as an example for a more OXPHOS-dependent

cellular model. FN3K knockdown in primary hippocampal cul-

tures led to a reduction in total cell number, but surprisingly
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increased neurite length and astrocyte size (Figure S4C). In addi-

tion, FN3K siRNA-treated cells displayed an increased number

of pre- and post-synaptic structures, but showed no changes

in synaptic function (measured as the uptake, in synaptic

vesicles, of an antibody directed against the vesicle protein

SYT1,75 compared to control cells; Figure S4D).

Since FN3K localized to the cytosol and nucleus, in addition to

mitochondria (Figures 5A, 5B, 5E, and 5F), we address if a loss of

FN3K also affected cytosolic translation and monitored HPG

incorporation into cytosolic proteins in HeLa cells treated with

an siRNA against FN3K. Interestingly, the incorporation of HPG

into cytosolic translation products in FN3K knockdown cells

was similar to the control (Figures 6A and 6B).

Since depletion of FN3K did not alter the levels of mtDNA and

mtRNAs, we concluded that the mitochondrial translation defect

observed after FN3K knockdown reflected an effect on the trans-

lation process or on the mitochondrial ribosome. Therefore, we

assessed steady-state levels of themitochondrial ribosome after

3 days of knockdown of FN3K. We observed similar levels of the

tested large ribosomal subunit (mtLSU) constituents (mL37,

mL48, mL53 uL1m) and the tested small subunit (mtSSU) con-

stituents (uS7m, mS40, and bS16m) (Figure 6C). Taking advan-

tage of the FLAG-tagged FN3K version, we performed immunoi-

solation and mass spectrometry from isolated mitochondria and

analyzed FN3K-interacting partners. Interestingly, we found a

significant enrichment of components of the mitochondrial ribo-

some and factors involved in mitochondrial translation (Fig-

ure 6D; Table S3; for complete list of proteins enriched or

depleted in the immunoisolation, see also Table S3). Since the

cytosolic function of FN3K was previously shown to be linked

to its kinase activity, we aimed to address if the kinase activity

of FN3Kwas required for association with themitochondrial ribo-

some. Therefore, we expressed a FLAG-tagged kinase-inactive

mutant version of FN3K (D210A) and performed FLAG immunoi-

solation. Interestingly, mutation of FN3K did not alter the subcel-

lular distribution of the protein (Figure S4A). The FLAG immunoi-

solation showed that the kinase domain mutant version of FN3K

displayed a significantly reduced association (up to 30%) with ri-

bosomal small or large subunits compared to thewild-type FN3K

(Figures 6E and 6F). Moreover, when we analyzed the amounts

of mitochondrial mRNAs immunoisolated with the different ver-

sions of FN3K, we observed a significant reduction in co-isola-

tion of several mRNAs isolated with mutant FN3K compared to

the wild-type protein (Figure 6G). Based on these observations,

we addressed if loss of FN3K affected the mitochondrial ribo-

some. To this end, we isolated the large ribosomal subunit using

FLAG-tagged uL1m under conditions of siRNA-mediated deple-

tion of FN3K. Surprisingly, although the amount of coimmuno-

precipitated large subunit proteins was similar between control

and knockdown, FN3K depletion led to lower amounts of co-iso-

lated proteins of the small ribosomal subunit (Figure 6H). In case

of mS40 and bS16m, we observed a reduction of approximately

40% compared to the control. In summary, we found that FN3K

interacts with the mitochondrial ribosome. This interaction could

well be relevant to the mitochondrial translation defect observed

upon depletion of FN3K. Moreover, FN3K apparently affects the

integrity of the mitochondrial ribosome. In addition, kinase

mutant FN3K displayed decreased association to mitochondrial



Figure 5. Mitochondrial localization of FN3K

(A) Representative confocal images of FLAG and TOM20 signals in FN3KFLAG-transfected cells. Hoechst, nuclei. Bar, 20 mm.

(B) FN3KFLAG signal quantification inside mitochondria (SEM, n = 11 from 2 independent experiments).

(C) Representative STED images of FLAG and TOM20 in cells as in (A). Bar, 5 mm.

(D) TOM20 and FLAG fluorescent signal profiles following depicted straight lines from selected insets in (C).

(E) Cellular fractionation experiments with wild-type HeLa cells.

(F) Quantification from (E) and similar experiments (SEM, n = 4).

(G) Western blotting analysis after protease protection assay with mitochondria isolated from FN3KFLAG-expressing HeLa cells (SEM, isotonic buffer; EM, hy-

potonic buffer; PK, proteinase K). See also Figure S4.
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mRNAs interacting with the mitochondrial ribosome. Accord-

ingly, the kinase activity of FN3K is linked to proper mitochon-

drial gene expression.

DISCUSSION

In this study, we established a microscopic screen to identify

regulators of mitochondrial translation using a non-canonical

clickable amino acid (HPG) under conditions that enable selec-

tive incorporation into mitochondrial-encoded polypeptides. Us-

ing an siRNA library against cellular kinases, we identified 63

cellular kinases that significantly alter mitochondrial protein syn-

thesis. The screen identified faithfully kinases with an expected
impact on mitochondrial protein synthesis, such as the mito-

chondrial thymidine kinase TK2, the component of themitochon-

drial ribosome AURKAIP1, or the central regulator of cellular

metabolism mTOR.59,63,76 46 kinases displayed a significant

decrease in HPG incorporation upon their siRNA-mediated

knockdown, highlighting cellular pathways thatmight be relevant

for mitochondrial gene expression. Several candidates identified

within this group were kinases acting on metabolites rather than

proteins, such as hexokinase I and hexokinase IV (glucokinase)

that phosphorylate glucose. In addition, 17 kinases increased

the synthesis of mtDNA-encoded proteins. Interestingly, one of

the identified candidates was the MAPK-interacting protein ki-

nase (MKNK2). Downregulation of this factor, either genetically
Cell Reports 44, 115143, January 28, 2025 9



Figure 6. Molecular determinants of FN3K mitochondrial translation regulation

(A) Representative epifluorescent images of HPG in cells transfected with siNT and siFN3K in the absence or presence of harringtonine (Harr). HPG intensity in the

presence of Harr has been set up to 0, and other images have been normalized by it. Bar, 50 mm.

(B) HPG quantification analysis of samples in (A) (SEM, n R 100 cells from 3 independent experiments, Student’s t test).

(C) Western blotting analysis of mitoribosomal components in isolated mitochondria extracted from cells transfected as in (A).

(D) Mass spectrometry analysis after FN3KFLAG immunoisolation in isolated mitochondria. Not transfected mitochondria used as control (n = 3 biological and

technical replicates). Enriched proteins involved in mitochondrial translation (purple) and other mitochondrial proteins enriched (gray) as listed in Table S3.

(E) Western blotting analysis of mitoribosomal subunits co-isolated after wild-type or mutant (D210A) FN3KFLAG immunoisolation.

(F) Quantification from (E) of the large and small mitochondrial ribosome subunits (mL37 and bS16m, respectively) co-isolated with mutant FN3KFLAG compared

to wild-type FN3KFLAG (mean ± SEM, n = 3, Student’s t test, *p < 0.05, ***p < 0.001).

(G) Quantification of mitochondrial mRNA isolation after FLAG immunoprecipitation as in (E) (SEM, n = 3, Student’s t test, *p < 0.05).

(H) Western blotting analysis of mitoribosomal subunits after uL1m-FLAG immunoisolation of isolated mitochondria transfected as in (A). See also Figure S4.
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or pharmacologically has been associated to a protection to-

ward high-fat diet-induced obesity due to higher energy expen-

diture and changed expression of critical genes related to mito-

chondrial biogenesis, OXPHOS, or ATP consumption in murine

models.77 Further investigation would be required to dissect
10 Cell Reports 44, 115143, January 28, 2025
the mechanisms underlying improved protein synthesis of

mtDNA-encoded polypeptides.

Among the identified kinases, we characterized the function of

FN3K. Interestingly, FN3K was previously reported to be involved

in the removal of glycan residues in the cytoplasm.71–73 Here, we
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showed that a fraction of FN3K localizes to the mitochondrial ma-

trix. In addition, FN3K interacts with subunits of the mitochondrial

ribosome and other translation factors. Reduced levels of FN3K

affected the interaction between the small and largemitochondrial

ribosome subunits. A reduction in fully assembled ribosomes is in

agreement with the observed general decrease in mitochondrial

translation, together with the decreased OXPHOS-derived ATP

and oxygen consumption but with no observable changes in the

levels of mtRNAs or mtDNA. In addition, we observed that

kinase-inactive FN3K showed reduced interaction with the ribo-

some compared to the wild-type version and found a significant

decrease in mitochondrial mRNA levels interacting with the ribo-

some in the context ofmutant FN3K. Interestingly, one of the inter-

acting partners we could identify for FN3KwasmS29. This factor,

also known as DAP3, has been found in the structural analysis of

the mitochondrial ribosome to mediate contact between the head

of themtSSUand the central protuberance of themtLSU.67,78,79 In

addition, phosphorylation of this protein has been shown in vivo

and might therefore influence ribosome assembly. Although

several kinases were able to phosphorylate mS29 in vitro,80 to

our knowledge, the identification of the responsible proteins for

this activity in vivo is still missing, and therefore, it is tempting to

speculate that FN3Kmight be one of the kinases phosphorylating

mS29, regulating the assembly of the mitoribosome, and finally

affecting mitochondrial protein synthesis.

To conclude, here, we describe an optical screen that enables

identification of unknown factors that affect mitochondrial trans-

lation. In a proof-of-principle approach, we utilized siRNA-medi-

ated knockdown of cellular kinases. Similarly, the strategy could

be applied to other siRNA or knockout libraries and to different

cell lines.We expect that, bymonitoring translation in intact cells,

a broader understanding on howmitochondrial gene expression

is integrated into the cellular context can be achieved. We have

identified cellular kinases that modulate mitochondrial protein

synthesis and provided insights into the regulation of mitochon-

drial gene expression.
Limitations of the study
Mitochondrial translation is a highly energy-dependent process.

Accordingly, knockdown or mutant cells that are affected in

cellular energy supply will indirectly impact mitochondrial trans-

lation. Therefore, candidate regulators of translation identified in

a screen require careful functional assessment. Moreover, the

imaging approach shown in our study provides an assessment

of bulk mitochondrial translation. Yet, it will not resolve such fac-

tors that are specific for a single translation product. Considering

that different mitochondria of a given cell might display different

regulation due to specific metabolic roles, super-resolution ap-

proaches would be required to assess translation phenotypes

in this context.
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Nuevo-Tapioles, C., and Cuezva, J.M. (2015). PKA Phosphorylates the

ATPase Inhibitory Factor 1 and Inactivates Its Capacity to Bind and Inhibit

the Mitochondrial H(+)-ATP Synthase. Cell Rep. 12, 2143–2155. https://

doi.org/10.1016/j.celrep.2015.08.052.
45. Niemi, N.M., and Pagliarini, D.J. (2021). The extensive and functionally un-

characterized mitochondrial phosphoproteome. J. Biol. Chem. 297,

100880. https://doi.org/10.1016/j.jbc.2021.100880.

46. Niemi, N.M., Wilson, G.M., Overmyer, K.A., Vögtle, F.N., Myketin, L., Loh-
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Gavard, O., Le Bras, S., Gagné, J.P., Poirier, G.G., Le Borgne, R., et al.

(2018). Aurora kinase A localises to mitochondria to control organelle dy-

namics and energy production. Elife 7, e38111. https://doi.org/10.7554/

eLife.38111.

52. Boerner, J.L., Demory, M.L., Silva, C., and Parsons, S.J. (2004). Phosphor-

ylation of Y845 on the epidermal growth factor receptor mediates binding to

themitochondrial protein cytochrome c oxidase subunit II. Mol. Cell Biol. 24,

7059–7071. https://doi.org/10.1128/MCB.24.16.7059-7071.2004.

53. Stefely, J.A., Reidenbach, A.G., Ulbrich, A., Oruganty, K., Floyd, B.J., Joc-

hem, A., Saunders, J.M., Johnson, I.E., Minogue, C.E., Wrobel, R.L., et al.

(2015). Mitochondrial ADCK3 employs an atypical protein kinase-like fold

to enable coenzyme Q biosynthesis. Mol. Cell 57, 83–94. https://doi.org/

10.1016/j.molcel.2014.11.002.

54. Yousefi, R., Fornasiero, E.F., Cyganek, L., Montoya, J., Jakobs, S., Rizzoli,

S.O., Rehling, P., and Pacheu-Grau, D. (2021). Monitoring mitochondrial

translation in living cells. EMBO Rep. 22, e51635. https://doi.org/10.

15252/embr.202051635.

55. Zorkau, M., Albus, C.A., Berlinguer-Palmini, R., Chrzanowska-Light-

owlers, Z.M.A., and Lightowlers, R.N. (2021). High-resolution imaging re-

veals compartmentalization of mitochondrial protein synthesis in cultured

human cells. Proc. Natl. Acad. Sci. USA 118, e2008778118. https://doi.

org/10.1073/pnas.2008778118.

56. Richter, U., Lahtinen, T., Marttinen, P., Suomi, F., and Battersby, B.J.

(2015). Quality control of mitochondrial protein synthesis is required for

membrane integrity and cell fitness. J. Cell Biol. 211, 373–389. https://

doi.org/10.1083/jcb.201504062.

57. Antonicka, H., and Shoubridge, E.A. (2015). Mitochondrial RNA Granules

Are Centers for Posttranscriptional RNA Processing and Ribosome

Biogenesis. Cell Rep. 10, 920–932. https://doi.org/10.1016/j.celrep.

2015.01.030.

58. Cruz-Zaragoza, L.D., Dennerlein, S., Linden, A., Yousefi, R., Lavdovskaia,

E., Aich, A., Falk, R.R., Gomkale, R., Schöndorf, T., Bohnsack, M.T., et al.
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64. de la Cruz López, K.G., Toledo Guzmán, M.E., Sánchez, E.O., and Garcı́a
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Anti human TIM44 Custom made N/A

Anti human TIM10B Custom made N/A

Anti human b-tubulin abcam Cat# ab6046, RRID:AB_2210370

Anti human TOM20 Proteintech Cat# 11802-1-AP, RRID:AB_2207530

Anti human MRPL1 (mL1) Proteintech Cat# 16254-1-AP, RRID:AB_2145582

Anti human MRPL53 (mL53) Proteintech Cat# 16142-1-AP, RRID:AB_2878223

Anti human MRPS25 Proteintech Cat# 67903-1-Ig, RRID:AB_2918659

Anti human mL37 Proteintech Cat# 15190-1-AP, RRID:AB_2146040

Anti human mL48 Proteintech Cat# 14677-1-AP, RRID:AB_2282151

Anti human uS7m Proteintech Cat# 26828-1-AP, RRID: AB_2146040

Anti human mS40 Custom made N/A

Anti human bS16m Proteintech Cat# 16735-1-AP, RRID:AB_2180166

Anti human FN3K Proteintech Cat# 14293-1-AP, RRID:AB_2105975

Anti FLAG Sigma-Aldrich Cat# F1804,

RRID:AB_262044

Anti human HSP90 Cell Signaling Cat#4874S, RRID:AB_2121214

Biological samples

Rat: Primary hippocampal neuronal cells This study N/A

Chemicals, peptides, and recombinant proteins

FLAG-peptide SIGMA Cat# F4799

Lipofectamine� RNAiMAX Thermo Fisher Scientific Cat# 13778075

Harringtonine Carbosynth Cat# FH15975

HPG Thermo Fisher Scientific Cat# C10186

Hoechst 33342 Thermo Fisher Scientific Cat# 62249

TurboFect Life Technologies Cat# R0533

OptiMEM Thermo Fisher Scientific Cat# 11058021

PEI Polysciences Europe GmbH Cat# 24765-100

AlexaFluor 647-azide Thermo Fisher Scientific Cat# A10277

TRIzol Thermo Fisher Scientific Cat# 15596026

Critical commercial assays

Click-iT Cell Reaction Buffer Kit Thermo Fisher Scientific Cat# C10269

Luminescent ATP Detection Assay Kit Abcam Cat# ab113849

CyQuant cell proliferation assay Thermo Fisher Scientific Cat# C7026

RNA Clean&Concentrator kit Zymo Reseach Cat# R1091

First Strand cDNA Synthesis kit Thermo Fisher Scientific Cat# K1612

SensiMixTM SYBR Low-Rox Obe Step kit Bioline Cat# QT625-02

PureLink Genomic DNA mini kit Thermo Fisher Cat# K182001

TaqMan Universal PCR master mix Applied Biosystems Cat# 4326708

anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat# A2220

(Continued on next page)

Cell Reports 44, 115143, January 28, 2025 15



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Protein interaction FN3K-FLAG-MS data PRIDE PXD053045

Experimental models: Cell lines

Human: HeLa cells DSMZ collection (Leibnitz institute) DSMZ Cat# ACC-57, RRID:CVCL_0030

Human: HEK293T Flp-InTM TREXTM Thermo Fisher Scientific RRID:CVCL_U427

Oligonucleotides

SilencerTM Human Kinase siRNA Library Thermo Fischer Scientific Cat# A30079

Taqman MT-RNR2 Applied Biosystems Cat# 4331182

Taqman MT- AFP6 Applied Biosystems Cat# 4331182

Taqman MT- ND2 Applied Biosystems Cat# 4331182

Taqman 18S rRNA Applied Biosystems Cat# 4331182

TagSet-24 nanoString 121000602

Recombinant DNA

FN3K (WT)-FLAG in pcDNA 3.1/ Genscript N/A

FN3K (MUT, D210A)-FLAG in pcDNA 3.1/ Genscript N/A

Software and algorithms

MATLAB The Mathworks, Inc., Natick, MA https://www.mathworks.com/products/

matlab.html

Huygens software Scientific Volume Imaging www.svi.nl

Agilent Seahorse analytics software WAVE RRID:SCR_013575

http://www.agilent.com/

FIJI FIJI RRID:SCR_002285

Spectronaut Biognosys https://biognosys.com/resources/

spectronaut-a-groundbreaking-increase-

in-identifications/

Other

Automated pipetting system Biomek FXP Beckman Coulter RRID:SCR_008940

Cytation 5TM Cell Imaging Multi-Mode

Reader BioTek

Biotek RRID:SCR_019732

Abberior microscope with Imspector

imaging software operator

Abberior Instruments RRID:SCR_015249

XF96 Extracellular Flux Analyzer Seahorse Bioscience RRID:SCR_013575

Typhoon scanner GE Healthcare RRID:SCR_025702

QuantStudio 6 flex cycler Applied Biosystems –

Nanodrop Thermo Fischer Scientific RRID:SCR_018042

nCounter� MAX analysis system nanoString RRID:SCR_023912

BioRuptor device Diagenode –

timsTOF Pro2 Bruker RRID:SCR_023608

Ultimate 3000 RSLCnano UHPLC system Thermo Fisher Scientific RRID:SCR_008452

C18 PepMap100-trapping column Thermo Fisher Scientific RRID:SCR_008452

Column Aurora with CSI IonOpticks RRID:SCR_024593
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HeLa cells (female, RRID: CVCL_0030) were purchased from the DSMZ collection at the Leibnitz institute. HEK293T Flp-In TREX cell

line (female, RRID:CVCL_U427) was purchased from Thermo Fisher. Cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, ThermoFischer), supplemented with 10% (V/V) fetal bovine serum (FBS, Biochrom), 1 mM sodium pyruvate, 2 mM

L-glutamine, and 50 mg/mL uridine. Cells were cultured at 37�C in the incubator with 5% CO2 and passaged regularly. For imaging

purposes, cells were seeded on glass coverslips or glass-bottomSensoplates (Greiner), coatedwith 0.1mg/mL poly-L-lysine (sigma,

P2658). Rat primary hippocampal neuronal cells were obtained and cultured exactly as described.75
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METHOD DETAILS

Transfection of HeLa cells with human kinase siRNA library
Silencer Human Kinase siRNA Library was purchased from ThermoFischer (A30079). Nuclease-free water was added to the original

plates to make a concentration of 2 mM. Running plates of 166 nM were prepared in 96-well PCR plates and were used for transfec-

tion. Reverse transfection was performed according to the manufacturer’s protocol with slight modifications. Briefly, for each well of

96-well Sensoplate, 0.2 mL of Lipofectamine RNAiMAX (Invitrogen) was diluted in 20 mL of OptiMEM (Gibco), mixed and incubated for

5 min. From the siRNA running plate, 5 mL was added to the OptiMEM-Lipofectmaine mixture and incubated for 20 min. Meanwhile,

4000 cells per well were counted in 100 mL ofmedia andwere added to the plate after incubation. For respirometry analysis, the trans-

fection was performed in Seahorse 96-well microplates (Agilent) with 2500 cells per well. The plates were then incubated for 72 h at

37�C in the incubator with 5% CO2, wrapped in humid tissues to minimize evaporation.

HPG-labeling of mitochondrial translation in 96-well plate
To label mitochondrial translation in 96-well plate, we adapted a click-chemistry basedmethod that was previously introduced by us

and others.54,55,81 Cells were incubated with methionine-free DMEMmedia containing 200 mM harringtonine (Carbosynth, FH15975)

for 10 min. The media was changed to methionine-free DMEM containing harringtonine, plus 500 mM of L-Homopropargylglycine

(HPG, ThermoFisher, C10186) and was incubated for 1 h at 37�C. Then, the media was removed and the cells were washed with

an ice-cold permeabilizing buffer containing 10mM HEPES, 10mM NaCl, 5mM KCl, 300 mM sucrose, and 0.015% digitonin, for

2 min. A quick wash with the same buffer without digitonin was performed for 15 s. The buffer was removed and 4% PFA solution

(pH 7.5, in PBS) was added to fix the cells for 30 min at room temperature. In negative control samples, 150 mg/mL chloramphenicol,

freshly prepared in ethanol, was used 50 min before the labeling to stop mitochondrial translation. To maintain the timing and the

solution volumes precise in all the wells, an automated pipetting system was used (Biomek FXP).

Click-chemistry and immunostaining of fixed cells
After PFA fixation, cells werewashed for 5minwith PBS and quenched for 15minwith 100mMNH4Cl in PBS. Cells were blocked and

permeabilized with the staining solution (PBS with 5% BSA, 5% tryptone peptone and 0.1% Triton X-100) 3 cycles of 5 min each.

After a brief wash with 3%BSA in PBS, cells were clicked for 40 min using Click-iT Cell Reaction Buffer Kit (ThermoFisher) containing

1.5 mM AlexaFluor 647-azide (ThermoFisher). After washing with 3% BSA in PBS, primary (TOM20 at 1:800 dilution, Proteintech,

11802-1-AP) and secondary (goat anti-rabbit Alexa Fluor Plus 488 at 1:800 dilution, ThermoFisher, A32731) antibodies were applied

sequentially for 1 h each. Between antibody incubations, cells were washed with staining solution 3 cycles of 5 min. Same number of

washes with blocking solution (PBS containing 5% BSA and 5% tryptone peptone), high-salt PBS (PBS supplemented with 500 mM

NaCl), and normal PBSwere performed after the secondary antibody, to thoroughly remove unspecific staining of the antibodies. For

cells on coverslips, embedding was performed in Mowiol (Calbiochem, Billerica, MA, USA) and the coverslips were allowed to dry

overnight at room temperature before imaging. For the library screening experiments, the nuclei were stained with 2 mM Hoechst

33342 (62249, Thermo Fisher) for 5 min, followed by a 5 min wash with PBS. The plates were kept at 4�C in dark and were imaged

within 24 h.

Image acquisition and analysis
For the library screening, the 96-well Sensoplates were imaged using aCytation 5Cell ImagingMulti-Mode Reader BioTek (Winooski,

VT, USA) equipped with a Sony CCD 16-bit grayscale camera. At least 20 images were acquired per well with a 203, 0.45 NA objec-

tive. We used a custommacro written in MATLAB (The Mathworks, Inc., Natick, MA, USA) to analyze the images. The nuclei staining

was used to spot the cells by applying a threshold. The selected regions of the nuclei were dilated to cover the whole cell area. HPG

and TOM20 signals were measured for each cell area. The signals from all the cells were then averaged and normalized to the signal

from the controls. The script is available upon request.

Confocal images of Figure 5 were captured using an Abberior microscope with Imspector imaging software operator (Abberior In-

struments, Göttingen, Germany) equipped with a UPlanSApo 1003/1.4 NA oil immersion objective (Olympus Corporation, Japan).

Pulsed 561-nm and 640-nm lasers were used for excitation. In STED images, an easy3Dmodule 775nm laser was used for depletion.

Due to high power of the laser used for imaging, bleaching of the signal occurs, which dampens FN3K staining in the cytosolic region.

Huygens software (Scientific Volume Imaging, www.svi.nl) was used to deconvolve the images, where mentioned.

siRNA-mediated gene knockdown
siRNA targeting selected kinases and a non-targeting siRNA (siNT) were purchased from Eurogentec (Liege, Belgium). Cells were

transfected with Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s protocol. The number of cells used for trans-

fection in 6-well plates, T25 flasks, and 155mmplates were 0.4x106, 1x106, and 7x106, respectively. The final siRNA concentration for

HeLa cells was 33nM and for HEK cells was 50nM.

Forward transfection was performed on primary neuron culture 6 days after they were seeded at a density of approximately

30,000/cm2 on coverslips coated with 1 mg/ml PLL according to the established protocols.75,82,83 For each well, 0.8 mL of
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lipofectamine was diluted in 200 mL OptiMEM, before the addition of 1.6 mL of siRNA stock of 20 mM. 20 min after, the mixture was

added slowly to the cells and 5 after days, cells were used for fluorescent immunostaining.

Transient transfection of plasmid constructs
The FN3K ORF and FN3K kinase-dead mutant (D210A) in a pcDNA3.1 vector, in frame with a C-terminal FLAG tag, were purchased

from Genscript (Leiden, the Netherlands).

HeLa cells were transfected using TurboFect transfection reagent (R0533, Life Technologies GmbH) according to the manufac-

turer’s protocol. Briefly, cells were seeded 1–2 days in advance on 12-well plates containing PLL-coated glass coverslips for the

immunofluorescent microscopy experiments. First, 0.5mg of plasmid was diluted in OptiMEM followed by TurboFect addition to

the mixture which was incubated for 15 min at room temperature. The mixture was then uniformly added to the cells which were

cultured for 24 h after transfection.

For FLAG immunoisolation experiments, the transfection was performed using PEI (polyethylenimin) transfection reagent. Briefly,

cells were seeded to a 50%-confluency two days prior transfection. PEI was diluted to 2 mg/mL in OptiMEM and incubated at RT for

5min and brought up to a final volume of 5 mL. In a separate tube, 20 mg plasmid DNAwas diluted in 1 mL OptiMEM, mixed with 1 mL

of PEI/OptiMEM solution and incubated at RT for 20 min. Solution was finally diluted with 10 mL DMEMmedia and carefully added to

145 mm plates containing cells. After 1h incubation additional 10 mL DMEMwere added to the cells that were cultured for 24 h after

transfection.

Real-time respirometry
Real-time respirometry for oxygen consumption rate (OCR) was performed with an XF96 Extracellular Flux Analyzer (Seahorse

Bioscience, Billerica, MA, USA) as previously described.84 Briefly, cell media was changed to Seahorse assay media and was cali-

brated at 37�C for 1 h in an incubator without CO2. The sensors were calibrated and the cell plate was placed into the analyzer. Three

different measurements of oxygen levels were measured before and after addition of different inhibitors/uncouplers (3 mM oligomy-

cin, 1.6 mM FCCP, and 1 mM antimycin A plus 1 mM rotenone). OCR was calculated from the slope of oxygen level change over the

course of time. To measure the real-time ATP production rate from mitochondrial respiration and glycolysis, similar approach was

performed with a slightly different order of inhibitors: 3 mMoligomycin followed by 1 mMantimycin A plus 1 mM rotenone. Extracellular

acidification rate (ECAR) and OCR measurements were used to calculate the ATP production rate using the Agilent Seahorse ana-

lytics software (WAVE).

Cellular ATP detection assay
The cellular ATP was measured using Luminescent ATP Detection Assay Kit (abcam, ab113849) according to the manufacturer’s

protocol. Briefly, cells were lysed using detergent and then, the substrate was added. Luminiscent signal was detected using a plate

reader (Agilent BioTek). The values were normalized to the number of cells measured by parallel CyQuant cell proliferation assay

(Thermo, C7026).

Isolation of mitochondria
For mitochondria swelling and protease protection assays, HeLa cells were rinsed with a cold isotonic buffer containing 10 mM

MOPS at pH 7.2, 225 mM sucrose, 75 mM mannitol, and 1 mM EGTA. The weight of the cell pellet was then measured. The pellet

was reconstituted (5mL per 1g of cells) in a cold hypotonic buffer composed of 10 mM MOPS at pH 7.2, 100 mM sucrose, 1 mM

EGTA, and 2 mM PMSF, and the mixture was left on ice for 6 min. The cell suspension was homogenized using a Dounce glass

homogenizer. A cold hypertonic buffer consisting of 1.25 M sucrose and 10 mMMOPS at pH 7.2 was added to the cell homogenate

in a ratio of 1.1 mL per gram of cells. The volume was then doubled by adding isotonic buffer, which included 2 mM PMSF and 2 mg/

mL BSA. The homogenate was centrifuged at 1,000 x g for 10min at 4�C, and the supernatant was collected. This step was repeated

twice. Mitochondria were isolated by centrifuging the supernatant at 11,000 xg for 10 min at 4�C and washed once with isotonic

buffer, excluding BSA. Finally, the pellet was resuspended in isotonic buffer, and the protein concentration of the isolated mitochon-

dria was measured using the Bradford assay. HeLa and HEK293T-derived mitochondria required for immunoprecipitation (for west-

ern blot, mass spectrometry, and nanoString analyses) were isolated using a teflon-glass homogenizer as previously described.85

Briefly, the cell pellet was resuspended in THE buffer (10 mM HEPES/KOH, 300 m Trehalose, 10 mM KCl, 1 mM EGTA, pH 7.4) sup-

plemented with 1% BSA and 1mM PMSF, and incubate for 10 min or 15min on ice, for HEK293T or HeLa cells, respectively. The

suspension was homogenized by 20 (HEK293T) or 30 (HeLa) strokes at 800 rpm. Cell debris and unbroken cells were removed by

centrifugation, first, at 400 xg, 10min, 4�C, and then at 800 xg, 10min, 4�C. Mitochondria were sedimented at 11,000 xg, 10min,

4�C. After discarding the supernatant, the mitochondrial pellet was washed by resuspension in THE buffer, and the protein concen-

tration of isolated mitochondria was determined using the Bradford assay.

Mitochondria swelling and protease-protection assay
Mitochondrial swelling experiments were performed as previously described.86 Briefly, intact mitochondria were resuspended in

either SEM buffer (250mM sucrose, 1mM EDTA, and 10mM MOPS pH 7.2), or the hypotonic EM buffer (1mM EDTA, and 10mM

MOPS pH 7.2) to permeabilize the outer membrane. Proteinase K (PK) was added and samples were incubated on ice for 10min.To
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access matrix proteins, mitochondria resuspended in EM buffer, were sonicated for 33 30s in the presence of (PK). Proteolytic ac-

tivity was stopped by addition of 2mM phenylmethylsulphonyl fluoride (PMSF) and further 10-min incubation on ice. The samples

were loaded on 10%–18% Tris-Tricine gradient gels under denaturing conditions and analyzed by western blotting.

Radioactive labeling of mitochondrial translation products
Mitochondrial translation products were labeled with radioactive [35S]-methionine as previously described with minor modifica-

tions.87 Briefly, cells were incubated with methionine-free DMEMmedium at 37�C for 10 min. Next, cells were incubated with methi-

onine-free DMEM containing emetine (100 mg/mL, Merck) for 10 min, then 200 mCi/mL [35S]-methionine was added to the medium

and cells were incubated at 37�C for 1 h. After the incubation, cells were recovered, and equal amounts were loaded on a 10–18%

Tris-Tricine gradient gel. The proteins were transferred to PVDF membranes and exposed to Phosphor Screens for digital radiog-

raphy. The radioactive signal was detected on a Typhoon scanner (GE Healthcare). Quantification of the autoradiography images

in Figures 3 and 6 was performed using FIJI software as follows: First, a manual threshold was determined to separate the back-

ground from the regions of interest. The values of background pixels were set to zero. Then, for the individual band or the total

lane, the sum of the values over the threshold (integrated density) was obtained.

Cellular fractionation
For the fractionation of HeLa cells, the cell suspensionwas homogenized as described before in the Isolation ofMitochondria section,

except for the absence of BSA in the Isotonic buffer. After homogenization and sedimentation of the cell debris and unbroken cells,

the protein concentration of the suspension (post-nuclear supernatant, PNS) was determined using the Bradford assay. The suspen-

sion was diluted to 1 mg/ml concentration and 500 mL was centrifuged in the ultracentrifuge at 100,000 xg for 60 min at 4�C. The
supernatant was collected in a fresh tube representing a cytosolic fraction. The pellet was resuspended in the isotonic buffer (equal

volume to the initial fraction) and represented as an organelle fraction. Equal volumes of initial (PNS), cytosolic (soluble), and organelle

(pellet) fractions were analyzed by SDS-PAGE and immunodetection.

Steady-state analysis of protein level with western blotting
Proteins derived from either whole cells or isolated mitochondria were loaded and separated on NuPage Bis-Tris 4-10% SDS gels or

10–18% Tris-Tricine gradient gels and transferred to PVDFmembranes. Western blotting was performed following standard proced-

ures. Primary antibodies were incubated overnight and were as follows: ATP5B, TIM44, TIM10B (custom-made raised in rabbit);

SDHA (Thermo, 459200); MRPL1 (Proteintech, 16254-1-AP); MRPL53 (Proteintech, 16142-1-AP); MRPS25 (Proteintech, 67903-1-

Ig); b-tubulin (abcam, AB6046), bS16m (Proteintech, 16735-1-AP); uS7m (Proteintech, 26828-1-AP); mL37 (Proteintech, 15190-1-

AP); HSP90 (Cell Signaling, 4874S); FN3K (Proteintech, 14293-1-AP); FLAG (Sigma-Aldrich, F1804); TOM20 (Proteintech,

11802-1-AP). Secondary antibodies were goat anti-Rabbit and anti-mouse conjugated to horse-raddish peroxidase (Dianova).

RNA extraction, cDNA synthesis and qRT-PCR
RNA was extracted from cells using RNA Clean&Concentrator kit (Zymo Reseach, R1091) according to the manufacturer’s protocol

with minor changes. Adequate amount of TRIzol (Invitrogen) was added to the cells and incubated for 5 min at 24�C. A volume of

cloroform equal to one-fifth of the TRIzol volume was added to the cells, and they were subsequently vigorously vortexed for 15

s. After a 3-min incubation at 24�C, samples were centrifuged at 12000xg and 4�C for 15 min. The aqueous upper phase was sepa-

rated and mixed with 1:1 volume of pure ethanol and loaded to the purification columns. From here, the manufacture’s protocol was

precisely followed and RNA was eluted in RNAse/DNase free water, measured with Nanodrop (Thermo) and stored at �80�C until

use. cDNA was synthesized from 1 mg of RNA, using the First Strand cDNA Synthesis kit (Thermo Scientific, K1612) and random hex-

amer primers. The qRT-PCR was performed using the SensiMixTM SYBR Low-Rox Obe Step kit (Bioline, QT625-02), in a

QuantStudio 6 flex cycler (Applied Biosystems). The sequence of the primers is available upon request.

DNA extraction, mtDNA copy number measurement
Genomic DNA was extracted from cells using PureLink Genomic DNA mini kit (K182001, Thermo Fisher) according to the manufac-

turer’s protocol and the eluted DNA was used to quantify the mtDNA copy number. TaqMan Universal PCR master mix (4326708,

Applied Biosystems) and TaqMan pre-designed gene expression assay primers were utilized to quantify 3 mitochondrial-encoded

genes (MT-RNR2, MT-AFP6, MT-ND2) and a nuclear one (18S rRNA) in a final volume of 8 mL. The reaction program included a

2 min hold at 50�C followed by a 10 min hold at 95�C, and 40 cycles of 15 s at 95�C and 1 min at 60�C.

FLAG immunoisolation
Protein complex isolation using FLAG immunoisolation was carried out following previously published methods. First, one milligram

of isolated mitochondria was solubilized at a protein concentration of 1 mg/mL in lysis buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl,

10% glycerol, 10 mM MgCl2, 1% Digitonin, 1 mM PMSF, 1x complete protease inhibitor cocktail, and 0.08 U/mL RiboLock RNase

inhibitor) for 30 min on ice with intermittent mixing. The insoluble material was then removed by centrifugation at 10,000 xg for

10 min at 4�C. Subsequently, the lysate was mixed with anti-FLAG M2 Affinity Gel (Sigma-Aldrich) and incubated for 1 h at 4�C.
The unbound fraction was removed, and the resin was washed with washing buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 10%
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glycerol, 10 mMMgCl2, 0.1% Digitonin, 1 mM PMSF, 1x complete protease inhibitor cocktail, and 0.08 U/mL RiboLock RNase inhib-

itor). The protein complexes were then eluted with 0.4 mg/mL FLAG peptide in washing buffer for 30 min at 4�C. Equal quantities of

material were subjected to analysis by SDS-PAGE and western blotting. For RNA isolation and nanoString analysis, the input and

eluate samples were mixed with 1 mL Trizol reagent (Thermo Fisher) and processed as described below.

Analysis of mitochondrial RNA abundance by nanoString
The input and eluate fractions from the immunoisolation were mixed with Trizol reagent (Thermo Fisher), and the RNA was purified

using the RNA Clean & Concentrator kit (Zymo Research) according to the manufacturer’s instructions. Equivalent amounts of RNA

were mixed with a TagSet-24 and detection primers (IDT) previously used to detect mitochondrial transcripts.58 Next, the samples

were processed and analyzed in a nCounter MAX analysis system (nanoString) following the manufacturer’s instructions. The ac-

quired data were analyzed with nSolver software (nanoString).

Sample preparation for LC-MS
Immunoisolated protein samples were precipitated overnight at �20�C with five volumes 100% ice-cold acetone. Precipitated pro-

teins were pelleted for 30 min at 13.000 g, the pellet washed with 80% (v/v) ice-cold ethanol, centrifuged as above, and dried at room

temperature for 3–4 min. Dried proteins were re-dissolved in 1% (w/v) RapiGest (Waters) in 25 mM ammonium bicarbonate buffer

(ABC) and sonicated in a BioRuptor device (Diagenode) with 30s on-and-off cycles for 10 min before reduction with dithiothreitol

(DTT) and alkylation with 2-iodoacetamide (IAA). Protein digestion was performed in 25 mM ABC at 37�C with trypsin (Promega)

at an enzyme-to-protein ratio of 1:20 (w/w) over night. The digestion was stopped by adding trifluoroacetic acid (TFA) to a final

concentration of 1% (v/v). After centrifugation of hydrolyzed and precipitated RapiGest peptides in the supernatant were dried by

vacuum centrifugation.

LC-MS/MS acquisition
Peptide samples were analyzed by data-independent acquisition (DIA) mass spectrometry using a timsTOF Pro2 (Bruker) mass

spectrometer coupled to an Ultimate 3,000 RSLCnano UHPLC system (Thermo Fisher Scientific) in injection triplicates. Dried

peptides were re-dissolved in 2% (v/v) acetonitrile (ACN), 0.05% (v/v) TFA in water and injected into the UHPLC system, where

they were concentrated on a C18 PepMap100-trapping column (0.3 3 5 mm, 5 mm; Thermo Fisher Scientific) and separated on

an analytical C18 column (Column Aurora with CSI, 25cm x 75umx1.6um, IonOpticks) using a 105 min linear gradient of 10–46%

buffer B (80% (v/v) ACN/0.1% (v/v) formic acid (FA) in water) at 200 nL/min. MS data of eluting peptides were acquired using a stan-

dard DIA-PASEFmethod for long gradients with 32 constant-size isolation windows across the 400-1,200m/z range, amobility range

of 0.6–1.43 and 1.8 s cycle time in a high sensitivity detection mode.

LC-MS/MS data analysis
Spectronaut (Biognosys; version 18.3) directDIA analysis of the generatedMS/MS data was performed with default settings. Spectra

were searched against a spectral library generated by Spectronaut from the UniProtKB human reference proteome (release 2022-10-

12; 20,607 entries) for protein identification. A differential abundance analysis with normalized signal intensities was performed,

comparing samples of the recombinant group (FN3K-FLAG) with the control (three biological replicates in the form of three technical

replicates for each group), returning log transformed abundance ratios (fold changes) for the identified proteins. Proteins with a

q-value of %0.01 and an average fold change of R0.5 (or % - 0.5 for negative abundance ratios) were considered statistically to

be enriched or depleted in the recombinant group.

Table S3 contains all enriched and depleted proteins after FN3K-FLAG immunoisolation as identified by Spectronaut.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed usingGraphpad Prism v 9.0. Statistical details, regarding type of tests used, n values and p-values

are indicated in the corresponding figure legend for each experiment. In general, n represents either number of cells or number of

biological replicates. Data are represented as average with SEM. Significance is determined by p values <0.05.
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